Global and regional diagnostics are used to evaluate the ocean performance of the Australian Community Climate and Earth System Simulator coupled model (ACCESS-CM) contributions to the Climate Model Intercomparison Project phase 5 (CMIP5). Two versions of ACCESS-CM have been submitted to CMIP; namely CSIRO-BOM ACCESS1.0 and CSIRO-BOM ACCESS1.3. Results from six of the core CMIP5 experiments (piControl, historical, rcp45, rcp85, 1pctCO2, and abrupt4xCO2) are evaluated for each of the two ACCESS-CM model versions. Overall, both model versions exhibit a reasonable and stable representation of key diagnostics of ocean climate performance in the pre-industrial control simulations, including a meridional overturning circulation with North Atlantic Deep Water maxima in the range 22-24 Sv, and a poleward heat transport maximum of around 1.5 PW. For the projected climate change scenarios considered the ACCESS-CM results are in reasonable agreement with responses found in other CMIP models, with the familiar ocean warming, and reduction in strength of meridional overturning and poleward heat transport. Drifts in the control simulations of both global ocean salinity and global sea-level are opposite in sign for ACCESS1.0 and ACCESS1.3, suggesting problems exist in the closure of the hydrological cycle. The simulation of ocean climate change over the historical period shows a weak response compared to observations, which manifests as a late response of ocean warming and sea level rise starting around 1990 in the model, compared to the mid 1960s in observations. Further historical simulations are underway to ascertain if this late response in ACCESS is a robust model feature, or just low frequency variability. If the weak response over the historical period proves robust, the likely cause is a too strong cooling from atmospheric aerosols. Broadening the set of experiments to further investigate the relative warming response of the ACCESS-CM to greenhouse gases compared to the cooling response to aerosols is underway, and preliminary results do suggest that the cooling due to aerosols is strong in the historical simulations. ACCESS-CM are given in Bi et al. (2013a) , and summarised here in Table 1 for completeness.
ACCESS-CM are given in Bi et al. (2013a) , and summarised here in Table 1 for completeness.
Coupled model contributions to CMIP5 provide an opportunity to evaluate an extensive set of key global and regional diagnostics of ocean performance relevant to the climate system. Our choice of model diagnostics, while not comprehensive, is aimed to illustrate the ACCESS-CM performance in terms of key integrals of global ocean climate (e.g. meridional overturning circulation and poleward heat transport), that demonstrate both the level of stability of the control simulations, and the response to climate change forcing scenarios. We benefit from the availability of a large suite of outputs as was recommended by the World Climate Research Program Climate Variability and Predictability (CLIVAR) Working Group on Ocean Model Development (WGOMD) to the development of the CMIP5 protocols (Griffies et al. 2009a ). Our choice of diagnostics is further guided by past studies that evaluate forced ocean climate models (e.g. Marsland et al. 2003 , Griffies et al. 2009b ) and the ocean components of other CMIP coupled climate models (e.g. Griffies et al. 2005 , Gnanadesikan et al. 2006 , Griffies et al. 2011 , Danabasoglu et al. 2012 ). This paper is arranged by the following topics: (1) evolution of the ocean temperature and salinity fields; (2) global and regional diagnostics of mass and heat transport, and (3) selected depth-integrated properties representative of ocean climate change. Lastly, a summary of the desirable aspects of the ACCESS-CM ocean model performance, the relative strengths and weaknesses of ACCESS1.0 compared to ACCESS1.3, and the known weaknesses in the formulation and performance of both model versions are discussed.
Temperature and salinity
The stability of sea surface temperature (SST) evolution for the piControl and historical simulations, and the spatial patterns of SST bias, are discussed by Bi et al. (2013a) . They find a small warming trend in SST over the 500 year piControl simulation of 0.08°C/century in ACCESS1.0, and a very stable SST evolution in ACCESS1.3 (< 0.01°C/century). The global mean SST evolution for the ACCESS1.0 and ACCESS1.3 piControl, historical, rcp45, rcp85, 1pctCO2, and abrupt4xCO2 simulations are shown in Figs 1(a) and 1(b), respectively. Figs 1(c) and 1(d) show the evolution of model global potential temperature averaged over the full water column. Both the surface and the depth integrated temperature changes in the historical simulations show no discernible ocean warming, relative to the piControl simulation, before the 1990s. This contrasts with observed SST changes and estimates of historical ocean heat content which show a climate change response from at least the 1960s onwards (Domingues et al. 2008) . The scenario simulations (rcp45, rcp85, 1pctCO2, abrupt4xCO2) diverge strongly from the piControl, and show similar evolution for each of the respective simulations when comparing ACCESS1.0 to ACCESS1.3.
Introduction
This paper documents the ocean performance of the Australian Community Climate and Earth System Simulator coupled model (ACCESS-CM; Bi et al. 2013a) contributions to the Climate Model Intercomparison Project phase 5 (CMIP5; Taylor et al. 2012) . For each of the two submitted ACCESS-CM model versions, namely CSIRO-BOM ACCESS1.0 and CSIRO-BOM ACCESS1.3, results are presented from the six core CMIP5 experiments completed. The ACCESS-CM experiments considered here are referred to according to the nomenclature of Taylor et al. (2012) as the piControl, historical, rcp45, rcp85, 1pctCO2, and abrupt4xCO2 simulations. Details of the experimental design for these six experiments, along with the forcings used, are given in the Dix et al. (2013) paper in this issue of the Australian Meteorological and Oceanographic Journal (AMOJ).
Details of the ACCESS Ocean Model (ACCESS-OM) formulation for CMIP5 are given in Bi et al. (2013b, a) . ACCESS-OM comprises the United States (US) National Oceanographic and Atmospheric Administration (NOAA) Geophysical Fluid Dynamics Laboratory (GFDL) Modular Ocean Model version 4.1 (MOM4p1; Griffies 2009), and the US Los Alamos National Laboratory version 4.1 sea-ice model (CICE4.1; Hunke and Lipscomb 2008) . ACCESS-OM has previously been used in studies of the rapid massinduced sea-level response of the global ocean to freshwater input from glacial melt (Lorbacher et al. 2012) , and the simulated sea-ice sensitivity to coherent multi-parameter sea-ice model tuning (Uotila et al. 2012) . For the purposes of ACCESS-CM, the MOM4p1 and CICE4.1 models are coupled via the French Centre Européen de Recherche et de Formation Avancée en Calcul Scientifique (CERFACS) OASIS-3.25 software (Valcke 2006) , as described by Bi and Marsland (2010) .
The OASIS-3.25 software also couples ACCESS-OM to the United Kingdom Met Office Unified Model atmospheric model (Collins et al. 2011 , Hewitt et al. 2011 , with ACCESS1.0 using the MOSES land surface and vegetation scheme (nine surface types, canopy types alongside bare ground, and prescribed canopy albedos), and ACCESS1.3 using the CABLE land surface and vegetation scheme (13 surface types, canopy above ground allowing for aerodynamic and radiative interactions between canopy and ground, and resolved canopy albedos). The primary changes in the atmosphere model are that ACCESS1.3 uses the prognostic cloud prognostic condensate (PC2) scheme (Wilson et al. 2008) , has a radiation scheme that accounts for horizontal cloud inhomogeneity, and includes improved boundary layer physics for the fluxes of momentum, sensible and latent heat. Further details of the atmospheric and land component formulations, and how they differ between ACCESS1.0 and ACCESS1.3, are described elsewhere in this issue (Bi et al. 2013a . Details of the differences in ACCESS-OM configuration between the ACCESS1.0 and ACCESS1.3 versions of the Table 1 . Differences in configuration of ACCESS-OM between the CSIRO-BOM ACCESS1.0 and ACCESS1.3 CMIP5 contributions.
The critical Richardson number parameter (R c ) used in the KPP Surface Boundary Layer Scheme (Large et al. 1994 ) was halved in ACCESS1.0 with respect to ACCESS1.3, to improve (increase) the amplitude of the power spectrum of interannual variability of the ENSO signal in the ACCESS1.0 simulations. Sea-ice albedos (α c , α b , and α m ) were increased for the ACCESS1.3 simulation so as to produce thicker (more realistic) Arctic sea-ice , Bi et al. 2013a is volume conserving. However, the surface freshwater fluxes are real mass fluxes, which allows the ocean volume to change according to the balance of precipitation, evaporation, ocean to sea-ice freezing, sea-ice to ocean melting, and river runoff from land. The surface freshwater flux imbalance for the piControl and historical simulations is shown in Bi et al. (2013a) . They conclude that the hydrological cycle is not balanced in both ACCESS1.0 and ACCESS1.3, which remains a challenge for future development of the ACCESS-CM. Compared to the respective piControl simulations, there is little difference in the evolution of total ocean salinity in the historical experiments, while all the scenario runs show some freshening relative to their respective piControl simulations, with the exception of the ACCESS1.3 abrupt4xCO2 experiment.
The zonally averaged global potential temperature and salinity biases over the period 1976-2005 of the ACCESS historical simulations, with respect to World Ocean Atlas 2009 , are shown in Fig 3. Overall, the bias features are similar when comparing ACCESS1.0 and ACCESS1.3. There is a general warm bias across the tropics and subtropics in the upper 1500 m The sea surface salinity (SSS; Figs 2(a) and 2(b)) of the piControl and historical simulations, along with the corresponding spatial patterns of SSS bias, are discussed by Bi et al. (2013a) . They find the SSS time series reaches a quasi-equilibrium in the later stages of both the ACCESS1.0 and ACCESS1.3 piControl simulations, after recovering from a freshening 'coupling shock' in the spin-up phase. The historical simulations show contrasting behavior between ACCESS1.0 (which shows a weak freshening relative to the piControl) and ACCESS1.3 (which shows a weak increase in SSS). All scenario simulations show large freshening, that are of similar magnitude across the two models. This similarity between the two model versions does not hold when considering the time series for the full-depth averaged salinity (Figs 2(c) and 2(d)).
As discussed by Bi et al. (2013a) , in the control simulations, there is a small freshening in ACCESS1.0, and a stronger salinification in ACCESS1.3, for the total ocean depth integrated salinity. This is attributed to non-closure in the hydrological cycling between the various model subcomponents. As described in Bi et al. (2013b) , the ACCESS-OM uses the Boussinesq approximation so the ocean interior Fig. 1 , but for globally averaged sea surface salinity (psu; top), and total ocean depth averaged salinity (psu; bottom).
As noted above, the drifts in global salinity in the ACCESS models are indicative of non-conservation of freshwater in the fully coupled system. One component of the hydrological cycle not shown elsewhere in this special issue is the runoff of land water into the ocean. Time series of the river runoff into the ocean from the respective land surface modules of the ACCESS1.0 and ACCESS1.3 models are shown in Fig. 4 . Relative to ACCESS1.0, the river runoff is approximately 25 per cent higher in the ACCESS1.3 piControl and historical simulations. An observational estimate of annual mean runoff excluding Antarctica averaged over the latter half of the 20th century is 1.18 Sv (Dai et al. 2009 ), while an estimate of climatological Antarctic runoff is 0.073 Sv (W. Large, pers. comm.) . The total of 1.25 Sv compares well with ACCESS1.0, while runoff in ACCESS1.3 is too high. While the runoff for the rcp45, rcp85, 1pctCO2, and abrupt4xCO2 scenarios increases for both models, the increase in ACCESS1.0 is much greater than in ACCESS1.3. associated with a too diffuse thermocline and too strong vertical mixing, and a second warm bias around 60°N from the surface to 3500 m associated with too strong convection in the North Atlantic. There are cold biases in the upper 1000 m in the Arctic, and also throughout the Southern Ocean south of 50°S. The Southern Ocean cold bias extends into the abyssal waters of the global ocean. The pattern of temperature biases is similar to that seen in stand-alone ACCESS-OM simulations as reported in Bi et al. (2013b) , and are therefore most likely features of the ocean model physics and parameter settings, rather than of the coupled ocean-atmosphere system. In general, the salinity biases have a similar pattern to the temperature biases, with too warm waters being too salty, and too cold waters being too fresh. The ACCESS-CM salinity biases show a much improved simulation of the relatively fresh water associated with Antarctic Intermediate Water formation compared with the stand-alone ACCESS-OM simulations shown in Bi et al. (2013b) . The most striking difference between the two ACCESS-CM model versions, is that the Southern Ocean and abyssal fresh biases are much stronger in the ACCESS1.3 version. . Several features are notable: first, with respect to the piControl simulation, the global northward heat transport is larger in the northern hemisphere for the historical simulations, while for all other scenario simulations (rcp45, rcp85, 1pctCO2, and abrupt4xCO2) it is smaller; second, that the same relationship among the various simulations occurs at all latitudes in the Atlantic Ocean; and third, that both the piControl and historical simulations show stronger southward (negative) heat transports south of 10°S than the other scenario runs in the Indo-Pacific Basin. The higher poleward heat transport in the historical simulations relative to piControl is consistent with the higher strength of MOC/ AMOC that was seen in Fig. 7 prior to 1990.
The global and Atlantic zonally averaged northward heat transports are compared with in situ observational estimates (Rintoul and Wunsch 1991 , Macdonald and Wunsch 1996 , Johns et al. 1997 , and estimates derived from the top of the atmosphere, using ECMWF reanalysis data (Gibson et al. 1997 ) to remove atmospheric heat transport, as part of the Earth Radiation Budget Experiment (Trenberth and Solomon 1994) . For the historical simulations both the global and Atlantic modelled heat transports often (but not always) lie within the error bars of the observations, although for the global case the heat transports are notably too weak in the southern hemisphere. Weak southern ocean heat transport is a common feature in coupled ocean-atmosphere models, and has previously been seen in the CMIP3 models (Randall 2007) .
The time series of a selection of key passage transports for the ACCESS1.0 and ACCESS1.3 CMIP5 simulations are shown in Fig. 9 . The Drake Passage transport (Figs 9(a) and 9(b)) is a standard measure of ACC strength. Over the period 1850-2005 of the piControl simulations, the Drake Passage transport mean and standard deviation (temporal trend removed) is 161.7 ± 1.5 Sv for ACCESS1.0, and 192.7 ± 2.7 Sv for ACCESS1.3. The transport in ACCESS1.0 is slightly larger than the observation of Cunningham et al. (2003) of 136.7 ± 7.8 Sv, but within the range of a more recent estimate of 154 ± 38 Sv (Firing et al. 2011) , while for ACCESS1.3 the transport is clearly too strong. In ACCESS1.3, the Drake Passage transport decreases with respect to the piControl simulation for the rcp45, rcp85, 1pctCO2, and abrupt4xCO2 scenarios, with little change in the historical experiment. In contrast, there is little change of Drake Passage transport in ACCESS1.0 for all the scenario experiments.
The Indonesian Throughflow (ITF) transport is also relatively stable in the piControl and historical simulations, with a strength of 11.0 ± 1.1 (11.0 ± 1.1) and 9.4 ± 0.9 (9.4 ± 1.9 Sv) for ACCESS1.0 (ACCESS1.3), respectively (Figs 9(c) and 9(d)). This is somewhat weaker than a recent observational estimate of 15 Sv (Gordon et al. 2009 ). For the climate change scenario runs the ITF shows a strong reduction, to as low as the Pacific Basin in ACCESS1.3. Also, the Southern Ocean Cell (SOC; south of 60°S) is stronger in ACCESS1.3 than in ACCESS1.0 in the global MOC. The stronger formation of AABW in ACCESS1.3 is consistent with the stronger deep cold bias in that model (Fig. 3(b) ).
Time series of the AABW and SOC cells of the MOC are shown in Fig. 7 . Both the AABW cell (Figs 7(c) and 7(d) ) and the SOC (Figs 7(e) and 7(f) ) show a considerable decrease in the strength of overturning in the scenario experiments (rcp45, rcp85, 1pctCO2, abrupt4xCO2) when compared to the piControl and historical simulations. This slow-down in overturning in the Southern Ocean has also previously been seen in climate change scenario experiments (e.g. Bi et al. 2001 , Sen Gupta et al. 2009 ).
The Atlantic Meridional Overturning Cell (AMOC; centred at approximately 40°N and 900 m depth in Figs 6(c) and 6(d)) is qualitatively similar when comparing ACCESS1.0 and ACCESS1.3 over the last decades of the historical simulations. In particular, the AMOC maximum is approximately 22 Sv in both models. This similarity can also be seen in the time series of the AMOC, as shown in Figs 7(a) and 7(b). and the corresponding period in the piControl simulations.
For both ACCESS1.0 and ACCESS1.3, the AMOC maximum is typically in the range 19-28 Sv throughout the piControl and historical simulations. The strength of AMOC in the ACCESS historical simulations is in reasonable agreement with other CMIP5 models that typically lie in the range 15-25 Sv (Weaver et al., 2012) .
For the historical simulations it can be seen that the AMOC maximum is generally increasing throughout the twentieth century until around 1990 (Fig. 7(a) and 7(b) ). This increase is consistent with an increase in both global and north Atlantic maximum poleward heat transport until 1990 in both ACCESS historical simulations, followed by a decrease after 1990 (not shown). An ensemble of simulations is in preparation, which will help to ascertain if the late warming response is a robust feature of the ACCESS model, or just low frequency variability. From 1990 onwards, the ACCESS historical simulations show a sharp decline in AMOC strength. The weakening in the strength of the AMOC in the late period of the historical simulations for both models continues into the rcp45 and rcp85 experiments, a familiar result for coupled climate models as seen in both CMIP3 (Schmittner et al. 2005 ) and CMIP5 (Weaver et al. 2012) models.
An observational estimate of AMOC strength from the Rapid Climate Change (RAPID) array of moored instruments at 26.5°N is 18.7 ± 5.6 Sv (Cunningham et al. 2007 ). The mean and standard deviation (temporal trend removed) for the 1979-2005 period of the historical simulations is 18.8 ± 1.08 Sv for ACCESS1.0 and 19.6 ± 0.92 Sv for ACCESS1.3. Both the model and observed estimates of variability are for annual averages. While the ACCESS models are in good agreement with the mean of the RAPID observations, they do underestimate the interannual variability. Macdonald and Wunsch (1996) , and Johns et al. (1997) . Black error bars show 1988 estimates derived from the top of the atmosphere, using ECMWF reanalysis data (Gibson et al. 1997 ) to remove atmospheric heat transport, as part of the Earth Radiation Budget Experiment and are taken from Trenberth and Solomon (1994) . suggested by the barotropic streamfunction results shown earlier (Fig. 5) . The scenario simulations show a consistent reduction in ocean kinetic energy for both models, with ACCESS1.3 overall less sensitive than ACCESS1.0. The ACCESS1.0 simulation has apparent multi-decadal variability, while the ACCESS1.3 simulation is characterised by oscillations closer to the decadal timescale. Wintertime mixed layer depths for the northern (March) and southern (September) hemispheres are shown in Fig. 11 . An observational estimate is made using potential density calculated from World Ocean Atlas 2009 temperature ) and salinity ) data. The model mixed layer depths are the maximum of the mean monthly March or September values over the period 1979-2005, inclusive. For both observations and model, the mixed layer depth is defined by a density criterion, as the depth to which potential density is 0.125 kg m −3 greater than at the surface layer.
Deep mixed layers are indicative of open ocean convection and occur in high latitudes of the winter hemisphere. The ACCESS-CM simulations show such convection occurring at the expected locations: for the northern hemisphere (March) convection penetrates to 2000 m in the Labrador Sea and the Greenland-Iceland-Norwegian Seas; and for the southern hemisphere (September) through the full water column in the Weddell Sea. While deep convection in the Weddell Sea has been observed, it is too persistent in the ACCESS-CM piControl and historical simulations (not shown). The most striking difference in mixed layer depths between the models is that the deep convection in the Weddell Sea persists even into the late summer in ACCESS1.3 (Fig. 11(e) ). Southern Ocean sea-ice production is higher in ACCESS1.3 , consistent with the higher sea-ice albedos used in that model (Table 1) . Brine rejection from sea-ice formation reduces vertical stability in the underlying ocean (Marsland and Wolff 2001) and the ACCESS1.3 simulation maintains the signature of deep convection throughout the year. This deep convection is also responsible for the much 4 Sv in ACCESS1.0, and 6 Sv in ACCESS1.3. This weakening of the ITF transport is consistent with the multi-model CMIP3 response Cane 2011, Sen Gupta et al. 2012) .
Bering Strait transport for the ACCESS-CM experiments is shown in Figs 9(e) and 9(f). For both ACCESS1.0 and ACCESS1.3 the Bering Strait transport is typically in the range 1.7-2.0 Sv over the duration of the piControl and historical simulations. This result is larger than observed estimates of 0.8 Sv (Roach et al. 1995) , and 0.7-1.0 Sv (Woodgate et al. 2006 ) likely due to the coarse horizontal resolution of the model compared with the actual width of Bering Strait (~85 km).
The Denmark Strait mass transport (Figs 9(g) and 9(h)) is an important contributor to the strength of the AMOC. The Denmark Strait transport shows little drift in the piControl simulations, and no obvious forced trends in the scenario simulations, with values across the various simulations lying in the range 8-11 Sv for ACCESS1.0, and 9-11.5 Sv for ACCESS1.3. The modelled Denmark Strait mass transport is much stronger than observational estimates (e.g. 3.07-3.68 Sv; Macrander et al. 2005) . The model sill depth is 650 m, which is close to the observed sill depth of 620 m. South of the sill, the model bathymetry was extensively smoothed, which was found to considerably enhance the strength of the AMOC in the ACCESS-CM. A trade off has been made to increase the AMOC strength to a realistic value, at the expense of matching the observed Denmark Strait flow. Such trade-offs are typical of the conundra facing ocean climate model developers, and in this case is necessary because of the poor performance of z-coordinate ocean models in representing the down-slope flows of dense water that occur at high latitudes (Legg et al. 2006 ).
Depth-integrated properties
The evolution of total ocean kinetic energy in the ACCESS1.0 and ACCESS1.3 simulations is shown in Fig. 10 . The ACCESS1.3 model is more energetic than ACCESS1.0, as hemisphere there is a complete shutdown in wintertime deep convection in the Ross Sea (Figs 12(c) and 12(d)) in all scenario simulations apart from rcp45 in ACCESS1.3. In the northern hemisphere Labrador Sea convection shows a gradual weakening throughout the scenario simulations (Figs 13(a) and 13(b) ), compared to a more abrupt reduction in mixed layer depths in the Greenland-Iceland-Norwegian Seas early in the scenario simulations, followed by a stabilisation to much shallower (500-1000 m) mixed layer depths (Figs 13(c) and 13(d)). Time series of the sea-level in the ACCESS1.0 and ACCESS1.3 CMIP5 simulations are shown in Fig. 14. Both versions of the ocean model employ the Boussinesq (volume conserving) approximation, but use mass to represent the freshwater fluxes through the ocean surface (precipitation, evaporation, sea-ice melt and freeze, and liquid runoff from land including Greenland and Antarctica) thus allowing for an evolving sea-surface height and ocean volume. Figures  14(a) and 14(b) show the combined sea-level evolution from two effects: firstly, the explicit sea-level change determined by the mass of freshwater flux through the stronger fresh water signal seen in the zonal salinity bias for the southern and abyssal oceans in ACCESS1.3 (Fig. 3) . The deep open ocean convection immediately north of the Ross Sea in the models is not evident in the observations, and is indicative of the model bottom boundary layer overflow scheme not been able to correctly transport the Ross Sea high salinity shelf waters into the abyssal ocean (not shown). Typical deep mixed layers are also evident north of the ACC in the southern hemisphere winter (~800 m), and in the region of the model Gulf Stream and Kuroshio Current in the northern hemisphere (~450 m).
Figures 12 and 13 show the time series of the maximum wintertime mixed layer depths for selected key convection sites in the southern and northern hemispheres, respectively. It can be seen that the deep convection sites show little change when comparing between the historical and the piControl simulations. This is also true for the Weddell Sea convection in the ACCESS1.3 rcp45 scenario. However, for all the other scenarios in both model versions, there is a strong decrease in maximum wintertime mixed layer depths at all sites shown in both hemispheres. In the southern in Fig. 1(c) . In contrast, the sea-level drift in ACCESS1.3 is negative ( Fig. 14(b) ) and only a small part can be attributed to the drift in thermosteric sea level that is associated with the cooling trend shown in Fig. 1(d) . The negative thermosteric sea-level trend in the ACCESS1.3 historical and piControl simulations does result from temperature changes below 700 m, which is in contrast to ACCESS1.0 where the trend is positive throughout the water column (not shown). This trend in ACCESS1.3 sea level is also consistent with the stronger AABW formation (Fig. 6(b) ) and deep water cold bias (Fig. 3) in that model. The barystatic (mass-induced) sea-level change is shown in Figs 14(e) and 14(f). The ACCESS1.0 model has a small positive sea-level drift induced by a net imbalance of freshwater flux into the ocean, while ACCESS1.3 has a large negative drift. The net surface freshwater flux at the ocean surface is shown in Fig. 15(b) of Bi et al. (2013a) . There it can be seen that the imbalance is negative for both of the ACCESS1.0 and ACCESS1.3 piControl simulations. The inconsistency between the drifts in surface freshwater flux and sea-level are indicative of a hydrological cycle that ocean surface, termed the barystatic component following the nomenclature of Gregory et al. (2012) ; and secondly, the implied steric (expansion or contraction) change associated with the influence of the evolution of the thermohaline state of the ocean on the sea-water density. The implied steric effect is a consequence of the temperature and salinity contributions to the equation of state for sea-water density, and is shown in Figs 14(c) and 14(d). For both ACCESS1.0 and ACCESS1.3, this steric sea-level change is dominated by the thermosteric (temperature) contribution to ocean density, with the halosteric (salinity) contribution being relatively insignificant (magnitude less than 0.01 m over the course of all simulations, not shown).
The underlying model drift in sea level is opposite in sign when comparing the ACCESS1.0 and ACCESS1.3 piControl simulations. The sea-level drift comprises two aspects, the steric drift which is dominated by thermosteric changes, and the mass-induced drift associated with persistent biases in the net surface freshwater flux. The sea-level drift in ACCESS1.0 ( Fig. 14(a) ) is positive and dominated by the thermosteric contribution, consistent with the ocean warming shown ocean response, such as the Drake Passage transport (Figs 9(a) and 9(b)), do suggest that there is large scope for tuning climate simulations outside of the ocean. Overall, the large-scale ocean behaviour is consistent with observations, with a reasonable representation of ocean circulation (Fig. 5) , Atlantic overturning circulation (Fig. 6) , and meridional heat transport (Fig. 8) . These are properties of fundamental importance for climate simulations, and it is pleasing to see that the ACCESS-CM models generally compare well against a selection of CMIP5 models in comparative skill scores for global and Australian climate as shown by Watterson et al. (2013) .
Interpretation of some of the ocean results is perplexing. Despite the strong climate change signals seen in the rcp45, rcp85, 1pctCO2, and abrupt4xCO2 simulations, the historical simulations are surprisingly insensitive relative to the piControl simulations. This is especially so for the evolution of ocean temperature and the steric sealevel changes (Figs 1 and 14, respectively) . Indeed, for the poleward heat transports, the response of the historical simulations is opposite in sign when compared to the other scenario runs, with respect to the piControl simulations (Fig.  8) . However, examination of the reduction in MOC strength (Fig. 7) and thermosteric sea-level rise (Fig. 15 ) do show the expected elements of ocean climate response to historical climate change in the latter part (post 1990) of the historical simulations. However, the reduction in MOC strength starts later than in other CMIP models, and the thermosteric warming occurs later than in observations. This late response to external forcing in the historical simulations gives an overall impression of a weak ocean response to climate change in the ACCESS historical simulations when compared to the piControl. One possibility is that, since only one historical simulation is considered here for each model version, it is feasible that low frequency variability in the ocean interior has by is not properly closed. The large barystatic sea-level drift in ACCESS1.3 is not unique for models contributing to CMIP5; for example the CNRM-CM5.1 model shows a drift of -0.21 m/century (Voldoire et al. 2012) . Figure 15 shows a comparison of the thermosteric sea-level change in the ACCESS historical simulations with an estimate derived from observations (Domingues et al. 2008 ). Although the model underestimates late twentieth century thermosteric sea-level rise, with no trend evident prior to 1990, it is encouraging that the slope of the simulated and observed lines are similar over the final 20 years of the historical simulation. A comparison of sea-level change for the respective climate scenario simulations between the ACCESS1.0 and ACCESS1.3 suites of simulations shows: a weak response in the historical simulation relative to the piControl simulation; and a much stronger response that is similar for each pair of the rcp45, rcp85, 1pctCO2, and abrupt4xCO2 simulations. Once again, this is a familiar result for the simulations considered here and is also seen, for example, in the time series of ocean temperature (Fig. 1 ) and the MOC (Fig. 7) .
Discussion and conclusions
Contributions of model results to CMIP5 underpin much of the assessment of climate projection under preparation for the Intergovernmental Panel on Climate Change 5th Assessment Report. Given the wide societal interest in climate change and its possible future effects, the submission of the CSIRO-BOM ACCESS1.0 and ACCESS1.3 models carries a significant responsibility. The ACCESS-CM is a recent development and the CMIP5 contributions are a major first test of model performance. The ocean climate diagnostic suite presented here is useful for evaluating the quality of the simulations, and also for assessing the future evolution of climate under the prescribed CMIP5 forcing protocols. The results presented here should be considered as a complement to other analyses of ACCESS1.0 and ACCESS1.3 that appear in this special issue: namely the sea-ice study of Uotila et al. (2013) ; the overview of Bi et al. (2013a) ; the atmospheric model assessments of Dix et al. (2013) , Rashid et al. (2013a) and Watterson et al. (2013) ; the El Niño Southern Oscillation analysis of Rashid et al. (2013b) ; and the land surface evaluation of Kowalczyk et al. (2013) .
There are a number of caveats to consider when interpreting the diagnostics presented here. There are minor differences between the ocean and sea-ice components of ACCESS1.0 and ACCESS1.3: in the ocean surface boundary layer scheme (change in Richardson number in KPP scheme) and in the sea-ice albedos. As described elsewhere in this issue, the major differences between ACCESS1.0 and ACCESS1.3 are in the atmospheric and land surface components (Bi et al. 2013a . Differences such as the cloud and land surface schemes hamper the interpretation of differences purely resulting from changes in the ocean components of ACCESS1.0 and ACCESS1.3. However, large differences in chance dominated the climate response. Although such an explanation is unlikely, since the same behaviour is seen in both of the ACCESS models, new historical simulations are underway to investigate this possibility. Another possibility is that the ACCESS-CM cooling response to atmospheric aerosols is too strong relative to the warming response from Greenhouse gases. Preliminary investigation of atmosphere only simulations using SST climatology suggests that the ACCESS model does indeed have a strong sensitivity to aerosol forcing. Further simulations are underway using the CMIP5 protocols for single forcing and other experiments designed for climate change detection and attribution studies (e.g. AnthropogenicAerosols-only and No-AnthropogenicAerosols) . Results from these studies will be reported elsewhere, but it is our hope that they shed light on the questions raised here. Finally, the opposite responses between ACCESS1.0 and ACCESS1.3 global salinity (Figs 2(c) and 2(d)) and the sealevel evolution related to surface mass fluxes (Figs 14(e) and 14(f)) suggest problems in the closure of the hydrological cycle in both model versions. It remains a challenge for ACCESS-CM to produce a fully closed hydrological cycle across all model components.
